The effect of doping titanyl phthalocyanine (TiOPc) into tris(8-hydroxyquinolinate) aluminum (Alq 3 ) (Alq 3 :T;
Introduction
Since the rst successful demonstration of organic light emitting diodes (OLEDs) by Tang and Van Slyke, 1,2 good steady progress has been made in improving these devices for use in practical applications. The power consumption and reliability of OLEDs have been key issues for real applications, and remarkable progress has been made through intensive research in the past decade. [3] [4] [5] Functional devices based on conjugated polymers or small molecules such as light emitting diodes (OLEDs), organic solar cells (OSCs) and organic eld-effect transistors (OFETs) have great potential for light weight, exible and low-cost electronic and optoelectronic applications. 6 To obtain highly efficient and low-voltage OLEDs, the optimization of charge injection and carrier transport is critically important towards the improvement of device performances. 7, 8 The doping of organic semiconductors was rst studied in the year 1960, 9 however they have been extensively studied aer their use in enhancing the charge carrier injection and transport properties in optoelectronic devices, [10] [11] [12] [13] [14] [15] such as OLEDs and OSCs. Despite the extensive studies on p-type and n-type doping of organic semiconductors, doping optimization in organic semiconductors still remains a challenge.
In all of these organic devices, the optimization of the charge injection/extraction and carrier transport is critically important towards their technological success. [16] [17] [18] Efficient injection or extraction requires low energetic barriers, while competent transport demands highly conductive transport layers. Organic semiconductors have low carrier concentrations and low carrier mobilities. 18, 19 A widely used method for improving electron injection and transport is to employ lowwork-function metals, either as individual layers in contact with the cathode or as n-type conductive dopants in the organic electron-injection layers (EILs), which can help to reduce the injection barrier at the electrode/organic interface and provide excellent electron injection from the cathode to the organic layer. [20] [21] [22] [23] [24] Alkali metals such as Li, Cs and their oxides have also been used for n-type conductive doping of organic electron transport materials [25] [26] [27] and were found to be useful in many instances. However, this type of doping has lots of problems, including damage to the underlying organic layers due to the tendency to diffuse in the organic materials. For this reason, there is a need for molecular dopants to enhance the electron transporting properties and for use in OLED applications.
Here, we have compared the use of TiOPc as an n-type dopant of Alq 3 at different concentrations. The thin lms of doped and undoped materials were studied and investigated for their application in lighting devices (OLEDs).
Experimental methods
The electron only devices were fabricated with the structure Al|Alq 3 . The current density-voltage (J-V), current density-voltageluminescence (J-V-L) and current efficiency-current densitypower efficiency characteristics of the OLEDs were measured simultaneously with a programmable Keithley 2400 power source and a Luminance meter (LMT-1009). Impedance spectroscopy (IS) measurements were performed using an Impedance/Gain-Phase Analyzer (Solartron, model SI 1260) Characterization System. A 100 mV amplitude AC signal superimposed on a DC bias was used to measure the device impedance as a function of the AC frequency and DC bias.
Results and discussion
The surface morphologies of the doped and undoped Alq 3 thin lms were characterized by atomic force microscopy (AFM). Since the Al work function is about 4.2 eV and the Alq 3 LUMO value is 3.0 eV, 28 the electron injection barrier between Al and Alq 3 will be very high. However, in between the Al and Alq 3 lms it is observed that there are large interface dipoles present, 29 which reduces the electron injection barrier by about 1.0 eV, hence the net barrier present is 0.2 eV. In the same way, the energy barrier for hole injection is increased by 1.0 eV due to the interface dipole and the resultant barrier for hole injection becomes 2.5 eV. Therefore, holes are not injected compared to the injection of electrons, and any current observed in the device will be only due to electrons owing between the two Al electrodes. Therefore, the electron only devices can be considered to have the structure of Al/organic/Al. The thicknesses of the organic lms were kept at 100 nm for all of the ve devices. only devices shis with the doping concentration. The current density increases linearly with the increase of voltage in the lower voltage region, and in the high voltage region the current density increases non-linearly for all of the devices. At low voltages (the rst region of the J-V curve), the slope of the log J-V plots are approximately unity, while at higher voltages, the slope is about 2 or more. Hence the conductivity is clearly Ohmic at low voltage and exhibits space charge limited conductivity (SCLC) at higher voltages. In the Ohmic region of the conductivity, the current density can be expressed as respectively. The current density at high voltage increases with the TiOPc doping concentration up to 2%. Above 2% doping the value of the current density is found to be low in comparison to undoped ETL. At a xed bias of 11 V, the current density of the devices containing Alq 3 The current density of the Alq 3 :T2 OLED increased by 25% compared to the pristine Alq 3 device. The driving voltage is reduced for the T2 device, which indicates the enhancement of the electron injection and transport by suitable ETLs. The luminescences of the devices based on Alq 3 to Alq 3 :T5 at a current density of 10 mA cm À2 are 3098, 4700, 7800, 3600 and 520 cd m À2 , respectively. At this value of current density, the luminescence is doubled. This enhancement in electroluminescence may be attributed to the enhancement of the holes and electrons recombination rate. Fig. 5(a) and (b) show the current efficiency and power efficiency as a function of current density for the Alq 3 to Alq 3 :T5 devices, respectively. It can be clearly observed in Fig. 5(a) and (b) that the trend in the efficiencies is consistent with the variation of the electrical properties of the devices with the use of different ETLs, and the improved electrical properties lead to the enhanced device efficiency. These results indicate that the TiOPc doping provides a balance of carriers. The control of both carriers in the device gives high yield electroluminescence. At a 35.19 mA cm À2 current density, the current efficiency of Alq 3 :T2
is ve times that of the Alq 3 devices. At a current density of 10 mA cm
À2
, the power efficiency of the Alq 3 :T2 device doubled compared to the pristine Alq 3 device. The overall current efficiency and power efficiency was increased for the 2% doped devices.
The capacitance-voltage (C-V) studies provide information on the electronic properties of the OLEDs. The C-V characteristics were measured at a xed frequency of 1000 Hz under dark conditions as shown in Fig. 6 . At negative to positive bias (À2 to 4 V), a constant capacitance was observed that corresponds to the geometrical capacitance of the device. The capacitances of all of the devices start increasing with the increase of bias voltage (above 4 V) and aer reaching maximum values, they start to decrease for further increases of bias voltage. The increase of capacitance may be due to the accumulation of charge at the Alq 3 :TiOPc interface. As the electrons and holes recombined, the charge is annihilated, thus the capacitance decreases rapidly with the increasing of applied bias. Since, V t s V bi it simply means that a negative interfacial charge density s if is present. Its value can be calculated from the following equation: respectively. In the case of no interfacial charge the threshold voltage and the built-in voltage would be equal (V t ¼ V bi ), as the at-band case would be reached simultaneously in the TiOPc and the Alq 3 layer. The Cole-Cole plots of all of the devices at a 0 V bias and room temperature are shown in Fig. 7 . The equivalent circuit of these devices consists of a parallel resistance (R P ) and capacitance (C P ) network in series with the contact resistance (R S ). The R S circuit element that corresponds to the intersection of the semicircle at high frequencies represents resistive losses at the ITO and Al electrodes. In this work, we have shown the equivalent R-C electrical circuit for a three layered structure of a device in which NPB is the hole transporting layer, CBP:Ir(ppy) 3 is the emissive layer and Alq 3 :T is the electron transport layer, which consists of three parallel R-C circuits connected in series with contact resistance (R S $ 0 U) as shown in the inset of Fig. 7 . From Fig. 7 , it is observed that the diameter of the semicircle is highly dependent on the resistance of the devices, which represents the bulk resistance of the organic layers R b1 to R b3 . The decrease in the diameter of the semicircle is in response to the increase of the resistance of the TiOPc doped Alq 3 layer which is also reected in the J-V characteristics (Fig. 4) . The equivalent resistance for devices Alq 3 to Alq 3 :T5 are 10 MU, 8 MU, 70 kU, 90 kU and 6 MU, respectively.
Conclusion
In conclusion, the doping of TiOPc into Alq 3 contributes to an increase of the electron mobility in the Alq 3 , and as a result the performance of the related OLEDs are enhanced. The increase in mobility is attributed to the addition of new hopping sites for carriers aer doping. The surface roughness increases with doping concentrations, and the optimized roughness is found to be 0.5742 nm for 2% doping. The electron transport is well described by space-charge limited current in the doped and pristine studied thin lms of Alq 3 . The electron mobility of the 2% doped thin lms is 0.17 Â 10 À5 cm 2 V À1 s À1 which is three orders of magnitude greater than that of the Alq 3 lm. The electroluminescence ($7800 cd m À2 ) at a current density of 10 mA cm À2 is 2.6 times higher than that of the undoped device.
The interfacial charge density for the 2% doped OLED device is À0.77 mC m À2 . The Cole-Cole plot of the OLEDs can be modeled as the combination of three parallel resistancecapacitance (R-C) equivalent circuits with a series resistance (R S $ 0 U). The equivalent resistance of the optimized device (2% doping) is 70 kU whereas the resistances of the other devices are in the mega-ohm range.
